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ABSTRACT
The electron reflectivity from NiO thin films grown on Ag(001) has been systematically studied as a function of film thickness and electron
energy. A strong electron quantum interference effect was observed from the NiO film, which is used to derive the unoccupied band dispersion
above the Fermi surface along the Γ−X direction using the phase accumulation model. The experimental bands agree well with first-principles
calculations. A weaker electron quantum interference effect was also observed from the CoO film.
© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5129772., s
INTRODUCTION
Recently, antiferromagnetic (AFM) spintronics has drawn sig-
nificant attention due to its potential for low power consumption
information storage and ultrafast switching.1,2 NiO, one of the most
common AFM oxides, is a fascinating candidate for investigating
many novel spin-dependent phenomena in AFM materials, such
as spin Hall magnetoresistance,3–6 enhanced spin current transmis-
sion,7–10 THz magnons,11,12 and the switching of AFM spins by the
spin-orbit torque.13–15 All those spin-dependent transport proper-
ties are closely correlated with the electronic structure of NiO, which
motivates experimental studies of band dispersions, especially in the
ultrathin film range.
Theoretically, the NiO band structure has been intensively
studied. NiO is well known as an insulator,16 but standard band the-
ory predicted NiO to be metallic,16 which triggered more detailed
theoretical studies of the relatively large band gap of NiO.17–20
The band structure of NiO has been studied experimentally
using x-ray photoelectron spectroscopy (XPS),21,22 bremsstrahlung-
isochromat spectroscopy (BIS)23 and angle resolved photoemission
spectroscopy (ARPES).24,25 Here XPS and BIS detect the density of
states, and ARPES reveals the band structure near or below the Fermi
surface. However, band dispersion well above the Fermi surface has
been rarely explored. On the other hand, unoccupied bands play crit-
ical roles in the optical excitation of electrons and spins, and have an
important impact on the magneto-optic effect. Due to the promis-
ing applications of NiO films in AFM spintronics, it is important
to study the unoccupied electronic structure of NiO ultrathin film,
which can help to refine the knowledge of the unoccupied band
structures above the Fermi energy.
Unoccupied band dispersions can be experimentally deter-
mined through the electron quantum interference effect in thin
films, and has been done for a number of films including Fe,26
Co,27,28 Cu,29 graphene,30 and the insulator MgO.31 In this work,
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we report an experimental study on the electronic band structure
of epitaxial NiO films grown on Ag(001). Using low energy elec-
tron microscopy, we measure the electron reflectivity as a function
of NiO film thickness and electron energy. We find that the elec-
tron reflectivity from NiO films oscillates with both electron energy
and film thickness. Our experimental data can be well described by
the phase accumulation model,26–33 which is used to derive the band
dispersion along the Γ−X direction in the energy ranges of 4-7.5 eV
and 14-22 eV above the Fermi surface. The energy bands of NiO are
calculated using first principles, and results are in good agreement
with our experimental data. Furthermore, measurements of electron
reflectivity in a CoO/Ag(001) system, which has the same atomic
structure as NiO, also show a weak quantum interference effect, sug-
gesting the possibility to study the unoccupied band dispersion in
CoO.
EXPERIMENTS
Our experiments were performed in the spin-polarized low
energy electron microscopy (SPLEEM) system at the National
Center for Electron Microscopy at Lawrence Berkeley National
Laboratory.34,35 The SPLEEM measurements were performed on
NiO/Ag(001) and CoO/Ag(001) thin films. The Ag(001) single crys-
tal substrate was cleaned by cycles of Ar+ ion sputtering at 800 eV
and annealing at 450 ○C. In situ Auger electron spectroscopy con-
firms that the Ag(001) surface is free of carbon and oxygen con-
taminants. Finally, the Ag(001) substrate is annealed at 450 ○C in
the SPLEEM chamber with a base pressure of 2×10−11 Torr. This
procedure results in a surface morphology composed of large atomi-
cally flat terraces, which have the width of a few hundred angstroms.
The high quality of Ag(001) substrate is confirmed by sharp spots
in low energy electron diffraction (LEED) patterns, as shown
in Fig. 1(a).
NiO(001) films were grown epitaxially on the Ag(001) substrate
at room temperature by evaporating Ni at a rate of ∼ 0.23 monolayer
(ML)/min with an oxygen pressure of 1.0×10−7 Torr. Figure 1(b)
shows a LEED pattern from 15 ML NiO on Ag(001), which shows
good epitaxial growth of the NiO film on Ag(001). The good qual-
ity of NiO film can also be confirmed from the LEEM image in
Figure 1(c), with the absence of step bunches and large defects on
the surface. The epitaxy relationship of NiO film on Ag(001) is
NiO[100](001)//Ag[100](001), and the AFM spins in NiO film are
along the in-plane ⟨110⟩ directions.36 Due to the lattice mismatch
between Ag and NiO, there is compressive strain in the NiO film.
In addition, CoO films were grown at room temperature, by evap-
orating Co at a rate of 0.84 ML/min under an oxygen pressure of
8.0×10−8 Torr. The film thickness is determined by monitoring the
electron reflectivity oscillations associated with the atomic layer-by-
layer growth. During the reflectivity measurements, it is experimen-
tally challenging to maintain perfectly stable electron beam current,
because the electron gun’s efficiency degrades during the oxygen
exposure. For this reason, the electron reflectivity measurements
were performed step by step at every 0.25 ML NiO deposition. Prior
to each electron reflectivity measurement, the oxygen is pumped
from the SPLEEM chamber, the film is annealed to 300 ○C for 2 min-
utes, and then cooled down to room temperature. In the SPLEEM
system, the electron beam is directed to the sample surface at
FIG. 1. (a) LEED pattern of Ag(001) at the electron energy E of 140 eV. (b) LEED
pattern of 15ML NiO film at E=151 eV. The red arrow in (b) shows the electron
specular beam. (c) LEEM image at E=4.1 eV of NiO (15 ML) on Ag(001) substrate.
(d) Schematic illustration of quantum interference effect of electrons in thin films
with a thickness of dNiO.
normal incidence, and the reflected specular beam is magnified by an
electron-optical column to image the sample surface.26,31 By varying
the incident energy of electrons on the sample surface, we obtain the
sample’s reflectivity spectra as a function of the electron energy.26,31
Since there is no net magnetic moment in the AFM NiO system, the
reflectivity from the NiO surface is expected not to be sensitive to the
spin polarization directions. In this paper, we only present the reflec-
tivity results of unpolarized electrons by averaging the reflectivities
of spin-up and spin-down electrons.
RESULTS AND DISCUSSION
In the quantum interference measurements, the incident elec-
tron beam is normal to the thin film surface, and the electron
reflectivity is measured as a function of the film thickness and elec-
tron energy. The quantum interference effect originates from the
interference of electron reflection between the surface and the bot-
tom interface of the film, as indicated in Fig. 1(d). Theoretically,
the quantum interference effect has been well described by the so-
called phase accumulation model,26–33 which gives the quantization
condition of:
2k(E)dNiO + φ(E) = 2nπ (1)
where k(E) is the electron wave vector, n is an integer number, φ(E)
is the total phase gain at the top/bottom surfaces of the NiO film.
The phase φ changes with the electron energy, but is independent
of the film thickness. For the electrons matching the quantization
condition, the reflectivity should reach a maximum. As a result, the
total reflectivity oscillates when either the energy or film thickness
changes.
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FIG. 2. (a) Electron reflectivity spectra of NiO films with different thickness as a
function of electron energy. Black arrows indicate the oscillation peaks. Black curve
shows the average spectrum of 3-15 ML NiO. (b) Electron reflectivity as a function
of NiO thickness at several electron energies. (c) Normalized electron reflectivity as
a function of NiO film thickness and the electron energy. The black dash lines are
guide lines to show the peak evolutions of the electron reflectivity. The blue dots
indicate peaks in the reflectivity. The blue rectangle indicates the area affected by
the normalization process due to the change of work function as a function of NiO
thickness.
Figure 2(a) shows typical reflectivity spectra of a NiO film
grown on Ag(001) substrate with different NiO thicknesses. The
electrons are fully reflected when the electron energy is below the
work function, but the electron reflectivity drops very rapidly when
the electron energy is above the sample’s work function. Note that in
this SPLEEM instrument, the electron energy approximately equals
the sum of the sample bias voltage plus the 1.4 eV photon energy
of the instrument’s photoemission electron gun.29,31,34 Significant
oscillations of the reflectivity are observed in the electron energy
range of 4-7.5 eV and 14-22 eV, as indicated by black arrows in
the orange regions in Fig. 2(a). For thicker NiO films, more oscil-
lations with weaker amplitudes can be observed, until a NiO thick-
ness of 15 ML. These reflectivity oscillations as a function of NiO
thickness and electron energy result from the quantum interfer-
ence effect,29,37,38 where the electron reflectivity reaches maxima
whenever the Fabry–Pérot interference between electron reflection
at the NiO/vacuum surface and at the NiO/Ag interface satisfies the
quantum interference condition of Eq. (1).
The strong reflectivity in the energy range of 8-13 eV for NiO
films thicker than 2 ML is due to the band gap in the NiO film.
Since there are no available electron states in the band gap, electrons
within this energy range cannot penetrate into the NiO film, which
leads to the high electron reflectivity within the band gap. Our results
also indicate that the bulk energy gap of NiO film is well developed
when the film is thicker than 2 ML.
We also analyzed the spectra measured at various fixed val-
ues of electron energy as a function of NiO thickness, as shown in
Fig. 2(b). It is obvious that the reflectivity oscillates periodically with
the film thickness, but the oscillation periods at different electron
energies are different. Fig. 2(c) plots the electron reflectivity on a
color scale, as a function of both film thickness (vertical axis) and
electron energy (horizontal axis). To highlight the quantum interfer-
ence, we normalized the spectrums of NiO to the average spectrum
of 3-15 ML.31 The peaks in the normalized reflectivity are marked as
blue dots in Fig. 2(b).
Electrons with the energy within the NiO energy bands can
transmit into the NiO film and are partially reflected from the
NiO/Ag interface, so that the electron reflected at NiO/Ag and
NiO/vacuum interfaces can interfere with each other, leading to the
reflectivity oscillations with both electron energy and film thick-
ness, i.e., the quantum interference effect. The oscillations become
weaker in the thicker films due to the limited inelastic mean free
path of NiO. Although it is hard to quantitatively determine the
mean free path of NiO, our results suggest that the mean free path
should be less than 14 ML, similar to that in MgO thin films.29 It
should be noted that the reflectivity spectra with the NiO thick-
ness less than 10 ML in Fig. 2(c) exhibit discrete peaks at integer
layers of the NiO thickness, indicating layer-by-layer growth mode
of thin NiO films.39,40 Those discrete peaks can be applied to cali-
brate the NiO thickness of the NiO films. Figure 3(a) and (b) show
the energies of the reflectivity peaks as a function of NiO thickness
for the energy ranges of 4-7.5 eV and 14-22 eV. Then, according
to Eq. (1), the electron wave vector k(E) at a given energy E can be
obtained from k(E) = π/Λ(E), where Λ(E) is the oscillation period.
FIG. 3. The evolution of electron quan-
tum interference maxima with fixed
quantum number n as a function of film
thickness and electron energy at (a)
low energy range and (b) high energy
range. (c) Experimental and calculated
NiO unoccupied energy bands. The cal-
culated energy bands are offset for best
fit with the experimental data.
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Therefore, the energy band dispersion can be derived experimen-
tally from this quantum interference effect, as shown in Fig. 3(c).
Note that the energy band dispersion of the NiO film can be deter-
mined entirely from the experimental data without the need of any
models for the phase value.
To compare this measurement with theory, the band struc-
ture of NiO is calculated by density functional theory (DFT), using
the Vienna ab initio simulation package (VASP 5.3.3).41 Projector-
augmented wave (PAW) potentials as parameterized by Perdew–
Burke–Ernzerhof within the generalized gradient approximation
(GGA) are used to account for electron exchange and correlation.42
The projector augmentation wave potentials include sixteen valence
electrons for Ni (3p63d84s2) and six for oxygen (2s22p4). Considering
the antiferromagnetic spin structure, we adopt the rhombohedral
unit cell with Fm3¯m space group (containing 2 chemical-formula
units of NiO). Typical computational parameters for our calcula-
tions are a 520 eV plane-wave energy cut-off, a (8×8×8) Monkhorst–
Pack k-point sampling mesh, and a 0.01 eV/Å force tolerance on
each atom for structural relaxation calculations. To describe the elec-
tronic structure more accurately, we adopt the hybrid functional
HSE0643 to calculate the band structure. Our calculations reproduce
the insulator nature of NiO with a band gap of about 4.36 eV, which
is consistent with the experiment result of 4.3 eV.23
Figure 3(c) shows that the experimental data matches well with
the theoretical calculation, supporting that the quantum interfer-
ence effect of electron reflectivity is an effective method to determine
the unoccupied band structure of the antiferromagnetic oxides. It is
worth noting that there is a band gap between 7.5 eV and 14 eV,
so no electron reflectivity oscillations can be observed in this energy
range. The NiO film is expected to go through a phase transition
from paramagnetic to AFM state with the transition thickness of
1 nm,44 but the electron reflectivity spectra reveal no obvious transi-
tion at dNiO ∼ 5 ML, so the measured NiO unoccupied band may be
insensitive to the magnetic phase transition in the NiO film.
CoO has the same atomic structure as NiO, and can also be epi-
taxially grown on the Ag(001) surface. Thus, we have also studied
the electron quantum interference effect in the CoO/Ag(001) sys-
tem. Fig. 4 shows the electron reflectivity oscillation in the energy
FIG. 4. (a) Electron reflectivity as a function of electron energy at different CoO
thicknesses. Black arrows indicate quantum interference peaks in the reflectivity
spectra. (b) Electron reflectivity versus thickness and the electron energy, normal-
ized by the spectrum of 7ML CoO. The black squares indicate the reflectivity peaks
with the quantization condition as described in Eq. (1). The blue rectangle indicates
the area affected by the normalization process.
range of 4-7.5 eV. However, the reflectivity oscillations from CoO
films are weaker than that from NiO films. The quantum interfer-
ence effect in CoO films disappears for thickness above 7 ML, and
this may indicate that the electron in CoO film has shorter mean
free path than in NiO film. On the other hand, our results also indi-
cate that the surface morphology of CoO film is not as good as that
of NiO film, since the discrete peaks of reflectivity at integer lay-
ers can only be observed for the CoO thickness less than 5 ML.
The poorer surface smoothness can reduce the electron reflectivity
and makes the oscillations weaker. The quantum interference effect
is harder to be observed in the unoccupied band with the electron
energy higher than 11 eV, and this is due to the short mean free path
for higher electron energies. Since the quantum interference effect is
only observed in very thin CoO films, it is difficult to use the phase
accumulation model to derive the reliable CoO unoccupied energy
band from the experimental data in Fig. 4.
SUMMARY
We have studied the electron reflectivity from NiO and CoO
thin films grown on Ag(001) using SPLEEM. Quantum interference
induced oscillatory electron reflectivity as a function of film thick-
ness and electron energy has been observed. The unoccupied band
dispersion of NiO along the Γ−X direction is derived experimen-
tally through the phase accumulation model, and agrees well with
first principles calculations. Our work demonstrates that the quan-
tum interference effect of electrons in AFM oxide thin films can be
used to probe the unoccupied electronic structure above the Fermi
surface, which can help to refine the understanding on the band
structure of AFM oxides and is highly relevant to the development
of novel AFM spintronic devices.
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